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Highlights: 
1. An embedded structure X-Ray optical fiber dosimeter is presented to monitor real time 
absorbed dose in-vivo. 
2. We identified five kinds of scintillator materials to select the optimum one for the dosimeter. 
3. Every scintillator material has their own emission spectra and characteristics when exposed 
to X-Rays. 
4. Gd2O2S:Tb is the optimum choice of material for the X-ray optical fiber dosimeter. 
 
Abstract: In-vivo real-time dose rate measurement has attracted much attention in the tumor-
treatment field because of the demand for precise delivery of radiotherapy. An optical fiber 
based dosimeter is presented, which is fabricated by embedding scintillator materials inside the 
fiber core. Five micron-scale powder based scintillator materials have been identified and their 
characteristics are compared in this investigation. The dosimeters have been fabricated separately 
but with exactly the same production process. Their emission spectra have been measured. 
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Furthermore, an evaluation of the dosimeter’s performance has been made by analyzing the 
signal intensity emitted from the scintillation material following transmission through a 25m 
length of plastic optical fiber (POF) to a distal MPPC (multi-pixel photon counter) detector. The 
excellent linearity of the relationship of the signal intensity and the dose rate has been 
established and simultaneously measured using an ionization chamber (IC) to ensure efficacy of 
the results. The dependence of the resulting fluorescence signal on water depth of two materials 
was also obtained and compared with the IC. The investigation clearly shows that currently 
Gd2O2S:Tb is the optimum choice of material for the X-ray optical fiber dosimeter. 
Keywords: Optical fiber sensor, Optical sensing and sensors, Radiation monitoring, Dosimetry 
1. Introduction 
Precise real-time dose rate measurement has attracted increasing interest in the field of 
radiotherapy. The objective of dose verification is to test that the planned dose distribution has 
been correctly delivered to the patient. The absorbed dose measured using an ionization chamber 
(IC) is referred to as the standard value in radiotherapy applications as it is considered the ‘gold 
standard’ measurement instrument for dosimetry for Quality Assurance (QA) purposes [1]. In-
vivo real-time dosimeters have the advantage of being able to identify small variations from the 
planned dose delivery at a very early stage of the treatment [2]. However, the sizes of ionization 
chambers generally make them unsuitable for in-vivo treatment. They also require relatively high 
voltage for their operation (being in the 10s of volts range). Thus, optical fiber sensors become 
promising candidates for in-vivo dosimeters because of their small size, biocompatibility and 
flexibility. A series of brachytherapy dosimeters using optical fibers have also been developed 
such as doped silica optical fibers [3] and optical fiber coupled organic scintillators [4]. Although 
the dosimeters mentioned above can satisfy some conditions of measuring absorbed dose in-vivo, 
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they have some disadvantages e.g. not being capable of real time measurement and thermal 
instability. 
The optical fiber dosimeters such as those described in [4] use organic scintillators to 
receive and down-convert the radiation signal. Some organic scintillators are fully water 
equivalent materials such as BCF-12, it also has the advantage of temperature being independent 
[5]. However it has lower sensitivity and is susceptible to Cerenkov radiation emission which is 
an interfering parameter to the true fluorescence signal and is difficult to fully separate from the 
true signal. In order to overcome this difficulty, it has been necessary for organic-scintillator-
based dosimeters to use a parallel-paired fiber light guide, and two identical photomultiplier 
tubes (PMTs) to subtract the Cerenkov emission. Therefore, the method for retrieving the true 
signal is more complex and involves greater cost [6-8]. Carbon-doped aluminum oxide (Al2O3:C) 
has also become a popular choice as the doping material in the fiber due to its high sensitivity, 
but it is not a fully water equivalent material, and correction factors need to be applied due to 
perturbation of the radiation field. In addition, the signal from Al2O3:C is temperature dependent 
[4]. Other materials for optical fiber sensors of radiation include Ge doped silica as 
thermoluminescent devices (TLDs) [9-10]. However, these devices suffer from not being able to 
be used in real time as they can only be read out post irradiation. A detailed multi diagnostic 
study of inorganic scintillator materials has been undertaken by Sporea et al [11]. The use of 
optical fiber sensors for radiation dosimetry has recently been comprehensively reviewed by 
O’Keeffe et al which also included some of the authors of this article [12]. 
To overcome the disadvantages mentioned above, McCarthy et al initially developed the 
approach of using an inorganic scintillator material coated onto the end of a standard plastic 
optical fiber (POF) [13-15]. They made a mixture composed of scintillator phosphor material, 
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epoxy resin and hardener injected into a molding and coated onto an exposed Poly Methyl 
MethAcrylate (PMMA) plastic optical fiber (POF) whose cladding had already been removed. 
This method ensures that the dosimeter has a higher signal-to-noise ratio (SNR) than previous 
designs using organic materials. However, the fabrication technique resulted in a sensor tip that 
was slightly larger in diameter than the fiber diameter and probably not the optimum design for 
light coupling efficiency into the transmitting fiber. To solve this problem, the same approach 
was used as initially adopted by Qin et al [16] and O’Keeffe et al [17] of inserting the inorganic 
scintillator material inside the core of PMMA fibers, so that it can achieve a high SNR, a highly 
compact design and excellent light conversion efficiency. Inorganic scintillator materials exhibit 
extremely high conversion efficiency and excellent temporal (rise time) response [16]. However, 
it is widely acknowledged [18] that they suffer from an energy dependence whereby the 
energetic photons in the Linac beam generate secondary electrons (i.e. Compton Effect) in the 
scintillator material which in turn through scattering generate excess photons and hence cause an 
overestimation of the dose. In order to overcome this effect and make the dosimeter achieve a 
higher performance, it is extremely important to select a suitable scintillator material to be 
embedded in the core of the optical fiber dosimeter. This article describes an investigation and 
evaluation of a number of candidate scintillator materials. 
In this novel study, for the first time, five different micron-scale powder inorganic 
scintillation materials are compared which have been included in the core of the PMMA fiber to 
fabricate the dosimeters. The five probes were assessed for their intensity response when 
exposed under identical dose rate and fixed radiation dose conditions. Their linearity of response 
according to the highly accurate dose rates delivered by the Linac (clinical linear accelerator) in 
the range 100 to 600 Monitor Units per minute (MU/min) was evaluated. Furthermore, the dose-
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depth experiments in water of dosimeters including two of the most promising scintillation 
materials, namely Gadolinium Oxy-Sulfide with Terbium Activator (Gd2O2S:Tb) and Caesium 
Iodide with Thallium Activator (CsI:Tl) were also investigated in this paper. It was necessary to 
limit the study to two materials due to the limited access time to the clinic. 
2. Methodology 
2.1 Setup of Sensing System for Clinical (Field) Based Measurements 
 The setup used for this investigation is shown in Fig. 1 and comprises the following:  
1. The Varian IX 3937 Linear accelerator (Linac); the Linac is used to produce high 
energy X-rays. 
2. The optical fiber radiation dosimeter. The type of POF used is SH2001-J (ESKA) and 
its transmission loss is 210dB/km at 520 nm according to the specification; the dosimeter is used 
to detect X-rays and produces fluorescence signals in the visible wavelength.  
3. Hamamatsu MPPC C11208-350 and Ocean Optics QE 96000 Florescence 
Spectrometer. The MPPC is used for monitoring the dynamic fluorescence intensity variations in 
real time with an acquisition interval of 0.1ms. The spectrometer is used to measure the spectra 
of the different scintillator materials. The integration time of the spectrometer is 0.1s (after 
averaging). 
 
 Fig. 1 shows the layout of the dosimeter and detection instrumentation in the clinic. The 
dosimeter is located inside a standard water tank (used for quality assurance (QA) in the clinic) 
which can also accommodate an Ionization Chamber (IC) for reference measurement of dose. 
The structure of the dosimeter is shown in Fig. 2. The manufacturing process of the dosimeter is 
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relatively easy and highly suited to mass processing and has been demonstrated as having a high 
coupling efficiency [16]. The conditions for irradiation are standard having a surface to source 
distance (SSD) of 100 cm and a beam field size of 10 cm ×10 cm and a beam photon energy of 6 
MV. When the dosimeter in the water tank is exposed to X-rays, the scintillator material inside 
the dosimeter emits a visible light (green or red depending on the used scintillator material) 
signal which travels through the 25m length of POF to the detector (MPPC or Spectrometer) 
located in the control room. 
 
2.2 Spectra of the Scintillator Materials 
The five scintillator materials used in this paper are as follows: Caesium Iodide with 
Thallium Activator, CsI:Tl (sample 1); Gadolinium Oxy-Sulfide with Terbium Activator, 
Gd2O2S:Tb (sample 2); Gadolinium Oxy-Sulfide with Praseodymium Cerium Flouride Activator, 
Gd2O2S:PrCeF (sample 3); Lanthanum Oxy-Sulfide with Europium activator, La2O2S:Eu 
(sample 4); and Gadolinium Oxy-Sulfide with Praseodymium activator; Gd2O2S:Pr (sample 5). 
The five scintillator compounds have been identified as the most promising candidates 
currently commercially available and which are compatible with insertion into the fiber core i.e. 
sufficiently small grain size (less than 25 micron diameter). 
The measured emission spectra of all the samples exposed to the X-ray are shown in Fig. 
3. In all cases the spectra were measured at the end of a 25m length of POF and were captured 
for a Linac beam dose rate of 600 MU/min. The dosimeters were located in the water tank as 
shown in Fig. 1. To the best of the authors’ knowledge, this is the first time a comprehensive 
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investigation and simultaneous comparison of these materials including the capture of their 
spectra whilst being irradiated has been undertaken in a true clinical environment. 
 
The spectra clearly show that the scintillator materials have different fluorescence 
characteristics under irradiation. Each has their own unique emission pattern. This phenomenon 
indicates that the scintillator materials exhibit unique optical emission properties when exposed 
to the same irradiation conditions. The working wavelength of the MPPC used in this research is 
in the range 300nm to 900nm while Fig.3 shows all of the five scintillator materials’ emission 
peak are between 400nm and 800nm. Therefore, the output intensity of each scintillator material 
measured by the MPPC in the following parts is integrated over the full spectral emission range 
including all emission peak intensity. 
3. Results and Discussion 
3.1 The time resolved signal responses 
The intensity response of the scintillators when exposed to the Linac radiation is 
discussed following capture of the spectra as described in Section 2. In order to align the work of 
this investigation with standard practical applications, all the samples were tested at the dose rate 
of 300 MU/min and the MPPC detector (set with 100ms gate time) recorded the dose for the full 
beam pulse time of 20s. The dosimeters were placed in the water tank at a fixed water depth of 
5cm. This depth was selected as it is known from previous work [18] that although it is not Dmax 
in water [1], it is sufficiently close to Dmax to give rise to a relatively strong real time dose signal. 
Fig. 4 shows the output signals after subtracting the background (the dark noise of the detector). 
It clearly shows that La2O2S:Eu and Gd2O2S:Tb have a higher signal output (and hence Signal to 
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Noise Ratio, SNR) than the other materials. And the calculated value of SNR of dosimeters using 
Gd2O2S:Tb is 4.78dB while La2O2S:Eu is 11.78dB. 
The intensity responses of the five samples with same dose rate for different exposure 
times are shown in Fig. 5. All the samples were placed in the tank at the water depth of 5cm with 
the exposure time of 10s, 20s, 30s, 40s and 60s; the dose rate was fixed at 300 MU/min in all 
cases. 
Fig. 5 shows that all the dosimeters’ output intensity changes linearly with exposure time 
when the dose rate is fixed. All the scintillators therefore exhibit excellent linearity over a wide 
range of exposure to typical clinical radiation dose values. Furthermore, for the same dose, it is 
clear from Fig 5 that the two materials La2O2S:Eu and Gd2O2S:Tb exhibit higher fluorescence 
intensity than the others.  
The output intensity of dosimeters with fixed radiation dose was also evaluated. All the 
samples were placed in the water tank at a depth of 5cm. The total delivered dose was fixed at 
100MU. The exposure conditions included 60s with a dose rate of 100 MU/min; 30s with a dose 
rate of 200 MU/min; 20s with a dose rate of 300 MU/min; 15s with a dose rate of 400 MU/min; 
10s with a dose rate of 600 MU/min. The difference of the exposure time ensured that the 
dosimeters were exposed to the same radiation dose when the dose rate was different and 
covered the range of dose rate normally encountered in clinical radiotherapy treatment (100 
MU/min to 600 MU/min). Each dosimeter’s temporal output intensity response is shown in Fig. 
6 and the average intensity of each exposure of the five samples is shown in Table 1. 
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Table 1 shows the intensity values of the scintillators as well as the average value of all 
exposures combined. The relative standard deviation (RSD) of each scintillator was also 
calculated. From Table 1 it can be confirmed that every scintillator showed almost identical 
intensity values (counts) when exposed to the identical radiation dose with different dose rates. 
This phenomenon shows that the optical fiber dosimeters’ accumulated (integrated) intensity is 
only radiation dose dependent, and is not altered by the dose rate. Table 1 also indicates that 
Gd2O2S:Tb has the lowest RSD, that is to say, the intensity response of Gd2O2S:Tb is the most 
stable. 
3.2 Dose linearity of the dosimeters with different scintillating materials 
Experiments to investigate the linearity of the dosimeters with different scintillator 
materials were conducted over six exposures of varying dose rate increasing in steps from 
100MU/min, 200MU/min, 300MU/min, 400MU/min, 500MU/min to 600MU/min. Each 
exposure was of 20 seconds duration. Fig. 7 shows the results of these tests for all scintillator 
materials used and includes a linear regression analysis in all cases. The analysis shows that all 
dosimeters’ output intensity followed a highly linear trend (R2 of at least 0.99), especially in 
sample 2, Gd2O2S:Tb, where the R
2 value is 0.9999. It is worth noting that when the dose rate 
increases from 500MU/min to 600MU/min, all the scintillator materials’ fluorescence intensity 
growth rate decreased except Gd2O2S:Tb, that is to say, Gd2O2S:Tb has better stability as the 
dose rate increases compared to the other four scintillator materials. The RSD values of each of 
the materials for different dose rate are shown in Table 2 (Fig. 7 does not include error bars due 
to the fact that the RSD is too small to display), the embedded-scintillator dosimeter, especially 
in the case of Gd2O2S:Tb, provides excellent linearity for real-time monitoring radiotherapy 
dosimetry. 
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The results of the experiments described above, demonstrate that La2O2S:Eu and 
Gd2O2S:Tb are both highly attractive materials for use in optical fiber dosimeters in terms of 
output intensity and SNR compared to the other materials investigated. However, Gd2O2S:Tb 
showed better linearity and intensity growth rate stability over the range of dose rates tested. 
These advantages make the latter dosimeter capable of delivering marginally more accurate 
radiation dose measurement in terms of linearity. 
According to the above experiments, it is clear that La2O2S:Eu and Gd2O2S:Tb exhibit 
superior performance compared to the other three materials. However, according to the previous 
study by Qin et al [16], Gd2O2S:Tb has shown an excellent output intensity response being stable 
and with high repeatability (the maximum percentage error for repeated tests is 0.16% when the 
dose rate is 600MU/min). This being the case, it was decided to use the material Gd2O2S:Tb for 
further testing in the investigation reported in this article. There is no doubt that all the materials 
tested to date are strong possible candidate materials for use as inorganic scintillators in 
conjunction with optical fiber for dosimetry purposes. In this investigation, due to limited access 
to the clinical facility (Linac) it was not possible to conduct a large number of repeated tests. 
However, previous results [16] have shown that the dosimeter demonstrated excellent overall 
accuracy at a fixed depth, giving a maximum percentage error of +0.16% to -0.13% when tested 
for accuracy during 5 successive identical exposures in the clinic at a dose rate 600 MU/min and 
a dose of 200 MU. The repeatability was also determined in the same publication and its value 
was within the overall accuracy. 
 
3.3 Depth-dose experiments with different scintillator materials 
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As human tissue is predominantly composed of water, it is essential that dosimeters are 
highly water equivalent. Although inorganic scintillators generally exhibit a high SNR as already 
shown in this paper, it has the disadvantage of lacking water equivalence because of its relatively 
high effective atomic weight Zeff. Qin et al [18] have recently proposed a method based on the 
simultaneous use of inorganic scintillators to overcome this problem. They have identified that 
the depth-dose characteristic of the CsI:Tl material was significantly different to the other 
scintillators (including the other four identified in this study). 
Two materials of high SNR (CsI:Tl and Gd2O2S:Tb) were chosen to test the dose-depth 
response as their spectra are noticeably different (Fig. 2) and for reasons outlined earlier in 
Section 3 of this paper. The dosimeter dose-depth measurements were performed with a fixed 
dose rate of 600MU/min at a photon energy of 6 MV in the range of depth below the water 
surface from 1cm to 10cm in steps of 1cm. Each of the two scintillators’ depth intensity was 
normalized to the 2cm value. The results of these experiments are shown in Fig. 8. The RSD 
values of these two materials in different water depth are shown in Table 3 (Similarly, the error 
bar is too small to show in the graph of Fig. 8). 
 
Fig. 8 shows that the dose-depth responses of the two materials are quite different. The 
maximal accumulated dose of the water depth in CsI:Tl was observed at a depth of 2cm while 
Gd2O2S:Tb was at 3cm. The peaks of the two scintillators occur at depth different values from 
that of IC (1.5cm). This method was initially demonstrated to work on two different inorganic 
scintillator materials based optical fiber dosimeters by some of the authors of this article [18] and 
can be extended to the work of this investigation.  
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4. Conclusion and Future Work 
Five scintillator materials were investigated in order to determine the most suitable 
material or materials with which to fabricate the X-ray optical fiber dose dosimeters. The 
spectral characteristics of the dosimeters with five different inorganic scintillator materials have 
been experimentally assessed. A comparison of the fluorescence intensity under identical 
standard illumination conditions of X-ray demonstrated that, Gd2O2S:Tb was the material with 
the greatest potential to be used because of the combination of relatively high output intensity 
coupled with extremely good linearity (R2 = 0.9999) over the entire range of dose rate (100 
MU/min to 600 MU/min). Measurement of the received light intensity versus time during 
radiation exposure has also demonstrated that the all dosimeters materials investigated exhibited 
excellent sensitivity and linearity (R2 of 0.99 or better).  
The measurement of the dose-depth relationship in water of the dosimeters with 
Gd2O2S:Tb and CsI:Tl has shown that the individual characteristics of the two materials were 
significantly different in shape i.e. the variation of each with depth is unique and consistent with 
initial results previously reported in a separate article. By utilizing this difference, it is possible 
to use two such dosimeters simultaneously to overcome the problem of lack of water equivalence. 
This will be the subject of future work, particularly with the potential use of La2O2S:Eu as an 
alternative material to Gd2O2S:Tb. This investigation has shown that this is possible, but further 
work is required to ascertain the long term stability of the former for use in dosimetry 
applications. The work of the current investigation has confirmed that inorganic scintillators can 
potentially attain the requirement of being able to monitor the absorbed radiation dose accurately 
and in-vivo. 
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To date all results have been recorded in water and/or tissue equivalent solid material, 
which are deemed sufficiently close to real human tissue to provide quantitative results. It is 
intended next to extend these investigations to animal (porcine) tissue and ethical approval is 
currently being sought to do this. 
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Fig. 1 Experimental Setup. 
 
Fig. 2 Design for the embedded structure optic fiber radiation dosimeter (a) Schematic 
Representation; (b) Photograph. 
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Fig. 3 The spectra of sample 1 to sample 5 after transmission through 25m POF (a) sample 1 
used CsI:Tl as scintillator material; (b) sample 2 used Gd2O2S:Tb as scintillator material; (c) 
sample 3 used Gd2O2S:PrCeF as scintillator material; (d) sample 4 used La2O2S:Eu as scintillator 
material; (e) sample 5 used Gd2O2S:Pr as scintillator material. 
 
Fig. 4 Dosimeters output intensity with the background intensity subtracted of sample 1 to 5 at 
300MU/min dose rate for 20s of beam radiation. 
 
Fig. 5 Dosimeters output intensity with different exposure times (10s, 20s, 30s, 40s, 60s) 
with the dose rate of 300MU/min. 
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 Fig. 6 Dosimeters output intensity for different exposure times (10s, 15s, 20s, 30s, 60s) with a 
fixed radiation dose of 100 MU. 
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 Fig. 7 The linearity of dosimeters output intensity with dose rate varying. (a) sample 1 used 
CsI:Tl as scintillator material; (b) sample 2 used Gd2O2S:Tb as scintillator material; (c) sample 3 
used Gd2O2S:PrCeF as scintillator material; (d) sample 4 used La2O2S:Eu as scintillator material; 
(e) sample 5 used Gd2O2S:Pr as scintillator material. 
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 Fig. 8 The dose-depth responses of the two scintillator materials. 
 
Table 1. The output intensity of five scintillators when exposed in fixed dose 
test conditions CsI:Tl Gd2O2S:Tb Gd2O2S:PrCeF La2O2S:Eu Gd2O2S:Pr 
600MU/min, 10s 4.046106 7.049106 2.812106 1.962106 2.812106 
400MU/min, 15s 4.082106 7.057106 2.830106 1.969106 2.830106 
300MU/min, 20s 4.071106 7.056106 2.823106 1.972106 2.823106 
200MU/min, 30s 4.095106 7.053106 2.835106 1.975106 2.835106 
100MU/min, 60s 4.027106 7.036106 2.773106 1.967106 2.773106 
average intensity (4.0640.027)106 (7.0500.008)106 (2.8150.025)106 (1.9690.053)106 (2.8140.025)106 
relative standard 
deviation (%) 
0.68 0.12 0.88 0.27 0.88 
 
Table 2. The RSD values (%) of five scintillators with different dose rate 
Dose rate (MU/min) CsI:Tl Gd2O2S:Tb Gd2O2S:PrCeF La2O2S:Eu Gd2O2S:Pr 
100 5.50 1.26 19.03 2.07 6.43 
200 2.44 0.73 6.69 1.66 5.24 
300 1.60 0.61 6.23 1.42 2.30 
400 1.42 0.52 5.00 1.45 2.40 
500 0.78 0.47 3.99 1.33 2.09 
600 0.98 0.44 4.09 0.95 1.50 
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 Table 3. The RSD values (%) of CsI:Tl and Gd2O2S:Tb in different water depth 
water depth (cm) 1 2 3 4 5 6 7 8 9 10 
Gd2O2S:Tb 0.2 0.22 0.08 0.13 0.23 0.25 0.23 0.54 0.16 0.17 
CsI:Tl 0.51 0.55 0.61 0.60 0.53 0.65 0.69 0.50 0.41 0.71 
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